This paper deals with the singular stress field at the adhesive dissimilar joint, and discusses the effect of material combination and adhesive thickness on the intensity of the singular stress when bonded strip is subjected to tension. A useful method to calculate the intensity of singular stress at the adhesive dissimilar joint is presented with focusing on the stresses at the edge calculated by finite element method. The intensities of singular stress are indicated in charts with varying adhesive thickness t under arbitrary material combinations for adhesive and adherents, and it is found that the intensity of singular stress increases with increasing the adhesive thickness t until t W = , when W is the width of adhesive. The intensity of singular stresses are also charted under arbitrary material combinations which are presented by Dunders' parameters α , β when / 0.001 t W = and / 0.1 t W = , and it is found that for a fixed value β the intensity of singular stress increases with increasing α when α is small while it decreases with increasing α when α is large.
Introduction
Adhesive joints are most frequently used in numerous industrial sectors such as automobile, shipbuilding, aeronautical, etc., replacing or supplementing traditional joining technologies, such as welding or riveting. Moreover, the adhesive joints have also been used for bonding composite restorations to the dental substrate (1) , (2) . The micro-tensile bond test is a laboratory procedure frequently employed today in an attempt to predict the clinical effectiveness of adhesive used for bonding composite restorations to the dental substrate (3) , see Fig.1 . This test can be considered as a miniaturized version of the conventional engineering tensile adhesion test using butt-joint specimens, and the specimens can be rectangular in cross-section, see Fig.2 . However, a mismatch of different materials properties may cause stress singularity at the edge of an interface between different materials, which leads to failure of bonding part in structures, and the singularity is expressed by the intensity of singular stress.
So far, many studies have been done to evaluate the strength of adhesive (4) , (5) , and few studies has been conducted to describe the stress distribution on the interface between the adhesive and adherents used in micro-tensile bond tests (6) . Besides, until now, no study has obtained the intensity of singular stress at the edge of adhesive joint in micro-tensile bond tests. From previous experimental results, it is found that the joint strength decreases with increasing of adhesive thickness (7) . However, the reason why the joint strength decreases with increasing of adhesive thickness has not been explained explicitly.
Therefore, in this paper, to explain the reason by simulation, the effect of adhesive thickness on the intensity of singular stress will be analyzed by the finite element method, also the effect of material combination on the intensity of singular stress will be analyzed.
Method of analysis of the intensity of singular stress
For the adhesive joint as shown in Fig.2 , it is known that the interface stress ( , , ) ij ij rr r σ θθ θ = goes to infinity at the edge of joint and has singularity of Possion's ratio v and shear modulus G . The singularity index λ at the joint of interface can be expressed by the following equation (8) , (9) . Table 1 shows the values λ obtained by solving Eq.(1). It can be found that 1 2  2  2  2  2  2  2  2  2  2   sin  sin  2  sin  1  0  2  2  4 λπ π π λ λ β λ λ λ αβ λ λ α 
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The intensity of singular stress K σ at the adhesive dissimilar joint is expressed as
and the dimensionless of intensity of singular stress F σ is defined by the following equation.
Here, σ is the stress applying to the y direction.
In this paper，the finite element method is used to obtain the stress at the joint of interface, and the software is MSC.MARC 2007. Because of symmetry, one-fourth portion of Fig.2 is analyzed as a model for analysis. Here, 1 1 , We will propose the method of calculating the intensity of singular stress from the results of FEM. In this paper, the ratio of intensity of singular stress 1 2 K K σ σ will be considered. Here, the superscripts 1, 2 mean specific problems whose / t W are distinct. As shown in Eqs. (4), (5) , the dimensionless intensity of singular stress is related to the distance r , singular index λ , and stress 0 σ , width W and limiting stress 
Therefore, in this paper, the ratio of intensity of singular stress is mainly considered in the analysis. To obtain the intensity of singular stress from the ratio, a reference problem as shown in Fig.3 will be used because the intensity of singular stress has been investigated. Figure 4 shows the stress distribution on the interface between adhesive and adherent when adhesive thickness / 1 t W = and 0.8, 0.1
Interface Stress distribution and ratio of the distributions obtained by using FEM
It is confirmed that when ( 2 ) α β = = with adhesive thickness / t W changed from 0.001 , to 0.01 , 0.1 , 0.5 , 1 , 2 , 4 , and to see the detail of singular stress distribution at the edge of the interface, the magnified figure is shown in Fig,5 (b). It is found that the increase of adhesive thickness causes a significant increase of stress singularity area. When / 1,2,4 t W = , the stress distribution is almost the same. More detail stress distributions at the edge of interface under different adhesive thickness is shown in Fig.5 (c). It is seen that the stresses become large suddenly. Real stresses should go to infinity at 0 r → , although FEM cannot express the singular stresses. More important discovery is that all the lines are parallel to each other along / r W . , and it should be noted that all lines are constant. Although the singularity at the edge is difficult to be described by FEM, the ratio
shown in Fig.6 can be accurate even in the singularity regions. To see the discovery more deeply, Table2(a) compares the stress distributions and the ratio of the results obtained by using FEM with the smallest mesh size = . It is found that the ratio is almost constant by 4 digit independent of r . = . In this case, it is found that the values are almost constant by 3 digit independent of r . It is also found that the ratio in Table 2 (a) and (b) coincide each other by 3 digit. Although real interface singular stresses cannot be expressed easily by using the FEM because the values of stress largely depend on the mesh size, it is found that the ratio of stress can be obtained vary accurately as shown in Table 2 . In other words, the ratio of interface stress is nearly independent of mesh size. along r is independent of r , only the stress y σ of the first element should be considered.
In the following of the paper, the stress intensity factors for known reference problem 2 2 K σ will be shown and the stress intensity factors for unknown problem 1 1 K σ will be discussed from the ratio 1 2
Intensity of singular stress for bonded strip as a reference solution
In the previous chapters, it is found that the ratio of interface stress distribution can be given very accurately by using FEM. However, to obtain the intensity of singular stress, a reference solution is necessary. Chen-Nisitani (10) and Noda et. al (11) have analyzed the intensity of singular stress in a bonded strip in Fig.3 accurately by using the body force method. Table 3 and Fig.7 indicate the results for bonded strip, which are equivalent to the case / 1 t W ≥ . In the previous studies (10) , (11) , only the results for singular stress 1 λ > are indicated, and the results (11) are used in Table 3 and Fig.7 . However, in this study, all material combinations are newly considered; and, therefore Fig.7 includes new results for 1 F σ > where no singular stress because singular index 1 λ > . Those new results are obtained easily by FEM because of no singularity stress. However, the dashed lines are extended from solid lines because some special material combination are difficult to be obtained by using commercial FEM codes. In this paper, intensity of singular stress will be shown as the ratio 
Results and Discussion

Effect of material combination on generalized stress intensity factors
As discussed before, it is found that the ratio Table 4 and Table 3 , F σ are obtained and shown in Fig.10 To investigate the effect of adhesive thickness on the intensity of singular stresses, stainless steel SUS304, aluminum alloys A7075, silicon and IC substrate FR-4.5 are considered for adherents and resin is considered for adhesive. Table 5 shows the material properties of adherents and adhesive. Table 6 shows the ratio
at the joint of interface when adhesive thickness / t W = 0.001, 0.01, 0.1, 0.5, 2, 4. Figure 11 is the figure for 
Conclusions
In this paper the intensity of singular stress at the edge of adhesive dissimilar joint was discusses with varying the adhesive thickness and material combinations. The conclusions can be made in the following way.
(1) Accurate method for calculating the intensity of singular stress was proposed by using FEM. It is found that the ratio of intensity of singular stress (2) For a fixed value of β , it is fount that K σ increases with increasing α when α is small. On the other hand, K σ decreases with increasing α when α is large. The range of intensity of singular stress K σ is different depending on the adhesive thickness / t W . (3) To improve the interface strength, thin adhesive layers are desirable because the intensity of singular stress K σ decreases with decreasing the thickness. The increment is different depending on material combination. The ratio 
